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The crossed axle traction drive developed by the authors is
applied to a new mechanism of CVT, the Shaft Drive CVT. The
input and output shafts with conical disks are parallel and a idler
shaft having conical rollers at both ends is placed perpendicular
to the input/output shafts. This idler shaft transmits a torque from
the input shaft to the output shaft and its movement produces the
speed variation by changing the contact point between the input/
output disks and the idler rollers. The purposes of this study are
1) to propose the new CVT mechanism, 2) to design a curved
shape of disk to decrease an amount of spin caused by the
movement of contact point, 3) to develop a prototype to confirm
the CVT to work and to evaluate the effect of curved disk by
means of a power transmission efficiency. The design procedure
of shapes of disk and roller are shown by geometrical analysis.
The amount of spin is reduced 80% using the proposed concave
disk. The range of speed changing ratio of the prototype is 0.5 to
2. The efficiency of 80% was obtained in case of input torque 10
Nm at uniform rate by using the conical disks. The effectiveness
of concave disk is evaluated by comparing the experimental results
using the conical and concave disks, respectively.
INTRODUCTION
Traction drives which transmit power using the shear force
of an EHL film between two rolling elements have several
advantages, including low vibration and low noise in contrast to
a power transmission using gears, and make it possible to construct
a continuously variable transmission (CVT).  To date, various
power transmission mechanisms using traction drives have been
proposed[1], and recently CVTs for automobiles using a traction From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms odrive have been realized[2].
The authors developed a power transmission mechanism
between crossed axles using the traction drive with conical
rollers[3]. The performance of it was evaluated by the prototype.
Although the speed ratio is fixed there, it is available to realize a
variable speed ratio by moving the contact point between conical
rollers. This paper deals with the new type CVT applying the
crossed axle traction drive. We propose a new mechanism of CVT,
the Shaft Drive CVT. The construction of CVT is shown and the
operating principle is explained by geometrical analysis.
On the other hand, a spin has an adverse effect on traction
contact performances and is responsible for an increase of power
loss. This investigation examines the influence of spin on the
power transmission efficiency in the case of proposed CVT and
shows the modified disk profile for low spin. The design procedure
of shape of disk and roller are introduced and the effects of them
are evaluated by the experiments using a prototype CVT.
STRACTURE AND MECHANISM
Figure 1 shows a structure of proposed CVT, Shaft Drive
CVT. The input and output shafts with conical disks are parallel.
These disks are fixed in the rotational direction of the input/output
axes, respectively and able to move in the axis-direction. The
backup disks are mounted to the opposite side of the input/output
disks. These prevent an inclination of the idler shaft, which is
pushed against the input/output disks, and cancel a component
contact force in the axis-direction of input/output shafts. The
backup disks are raced to the input/output shafts, and not
contribute to a power transmitting. The idler shaft having conical
rollers at the both ends is placed perpendicularly to the input/1 Copyright © 2003 by ASME
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Dooutput shafts. It is movable in the axis-direction. The construction
of Shaft Drive CVT is similar to the composition, which replaced
a metal belt of a CVT using V-pulley and metal belt to the idler
shaft with conical rollers.
A ratio change operation is performed by moving the input/
output disks and idler shaft along each axis-direction to change
radii of rotation at a contact between input/output disks and idler
rollers. A power is transmitted by a traction drive. For a given



















where r1 and r4  are the rotational radii of input and output disks,
respectively, r2 and r3 are those of idler rollers, respectively. The
idler rollers are crowned and radii of rotation are set constant at
same contact point. Moreover, if the radii of rotation of two idler







A relation between movement of idler shaft y and that of
input/output disks x during ratio change operation is expressed in
terms of the cone angle 2θ:
y x= / tan θ (3)
Noting that at the uniform rate, x=y=0. The amount of movement
of input/output disks increase as θ becomes large. Next, we will
obtain the relation between movement of idler shaft y and speed
ratio  e. The rotational radii of input/output disks at the uniform
speed ratio is defined as r10  and r40 , respectively. If the idler

























Fig. 1 Structure and ratio changing mechanism of
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This is not influenced by θ. The stroke of idler shaft is obtained
by giving r10 , r40 and range of speed ratio. To obtain the same
width of speed ratio range, it is necessary to enlarge y according
as r10 , r40 of disks become large. If the stroke of the idler shaft is
decided, the minimum and the maximum radii of rotation required
for the input/output disks are obtained, and the dimensions of
disk can be determined. In the case of same range of speed ratio,
a thickness of input/output disks increase according as θ becomes
large as shown in Fig. 2.
SPIN GENERATION AND INFLUENCE ON POWER
TRANSMISSION EFFICIENCY
A spin is the rolling motion of elliptical contact between two
rolling elements, and occurs when the plane tangent to the point
of contact and both bodies’ rotation axes mutually do not intersect.
Fig. 3 picks up the input disk and one idler roller schematically
among the CVT mechanism shown in Fig. 1. In order to simplify,
only the spin generated between the disk and the roller shown in
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(5)
where ω1z , ω2z represents the respective angular velocity of each
axis normal to tangent plane, s is a slip ratio between the disk and







where v1 and v2 are peripheral speeds of disk and roller,
respectively. In Fig. 3, the tangent plane includes a generatrix of
Fig. 2 Shape difference of disks and rollers
according to the cone angle 2θ
2θ= 40˚ 2θ= 60˚ 2θ= 80˚Copyright © 2003 by ASME
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Doan input conical disk, and a distance p, from the point O to the
intersection P of input axis and an extension of the tangent changes
according as the movement of input disk along its axis-direction.
Therefore, the spin occurs at any position of input disk except
the case where the intersection P overlaps with the point O. The
relation between the speed ratio and a spin angular velocity ratio,
which is the ratio of ωsp  and the input angular velocity, is shown
in Fig. 4, where r10= 37.5 mm, r2  is adjusted to be p= 0 at e= 1
(uniform ratio). The slip ratio is assumed s= 0.2%. The horizontal
axis of the figure is arranged by e, which is the speed ratio between
input and output axles of the CVT shown in Eq. (1). The entire
graph concerning speed ratio shown hereafter uses same manner.
ω ωsp / 1 increases as the speed ratio changes into low/high sides,
respectively. Moreover, at the same speed ratio, the magnitude of
spin increases with decrease of the cone angle 2θ of idler roller.
It is better to enlarge q from the viewpoint of a low spin.









Fig. 3 Schematic of crossed axle traction drive





































Fig. 4 Relation between speed ratio and spin
 angular velocity ratio3
wnloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of and examine the influence on a power transmission efficiency.
Some calculation methods for the traction coefficient included
the spin effect are proposed[4, 5], and we calculated using Kato’s
approximate formula[6] in this study. The traction coefficient
























where a is the contact ellipse semi width in the direction transverse
to rolling, γ̇  is a shear strain velocity defined as




where hcen is the oil film thickness obtained from the formula of
Chittende et, al[7].
h R H U G Wcen e cen e= −* . . .0 68 0 49 0 073 (9)
a decreasing rate of traction coefficient due to the spin is calculated
and µsp is obtained from product of measured traction coefficient
with no spin and the decreasing ratio above.
Figure 5 shows the relation between speed ratio and
decreasing ratio of traction coefficient at various slip ratios. It is
calculated as ω1= 157 rad/s, the contact force between disk and
roller is N= 2 kN. The maximum contact pressure is 0.84 GPa at
uniform ratio. The decreasing rate of traction coefficient becomes
large according as the spin increases at low/high speed ratios.
Figure 4 looks symmetric with respect to the point of intersection
of e=1 and ω ωsp / 1=0, and the spin angular velocity ratio



























Speed ratio  e
Fig. 5 Relation between speed ratio and
 decreasing rate of traction coefficient
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Dointo the high/low sides, respectively. However, it is not symmetric
with respect to the uniform ratio in Fig. 5. This is because the
magnitude of a and hcen is influenced by the contact position
between disk and roller, and the decreasing rate is larger in low
ratio side than high side. Figure 6 shows the traction curves
including the spin effect at some speed ratio obtained using Fig.
5. The traction coefficient with no spin is obtained by a
measurement data using a two-disk testing machine[8]. The
diameter of disks for two-disk machine is 50 mm, the peripheral
speed is 1.3 m/s and the oil-supplied temperature is 298 K. A
change of slip ratio can be estimated from this graph. As an
example, take a case of traction drive with µ= 0.07, the slip ratio
is s= 0.13% with no spin, and s= 1.1, 0.46% in case of e= 0.5, 2,
respectively. This increase of slip causes the power loss, and the
power transmission efficiency decrease as 1, 0.3% in case of e=
0.5, 2, respectively, neglecting the temperature rise due to the
spin. Although it is a few in the example of Fig. 6, the spin causes
adverse effect and efficiency will decrease in case of wide range
of speed ratio and transmitted torque. The method shown here
can estimate the decrease rate of efficiency quantitatively.
PROFILE OF INPUT/OUTPUT DISKS FOR LOW SPIN
The feature of Shaft Drive CVT is to realize a continuously
variable speed by varying the radius of rotation with the movement
of idler shaft. Therefore, if a rotational radius can be changed
continuously, it is not necessary to restrict the cross-sectional
shape for input/output disks to a cone, and it is available to modify
freely. The flexibility of a belt section shape in the metal belt
CVTs is low, and that of Shaft Drive CVTs is higher in this
viewpoint. The spin causes a power transmission efficiency loss
described above. Since it has adverse effect especially in case of
large range of speed ratio and torque, we will devise the profile
of disk generating a low spin.
Consider a curve disk shown in Fig. 7. The x-axis is the
rotation axis of disk. The minimum and maximum disk radii and
thickness are set to rs, rl, t, respectively. The tangent plane to




















Slip ratio  s   %   
Fig. 6 Traction curve with spin






Temp.  298 K
Measurement
e = 0.254
wnloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of of disk at contact point. The cross-sectional curve of disk is defined
as y=ƒ(x), and a tangent to this curve at point Q(x, y) is given by
Y y X x y= ′ − +( ) (10)
This line should always intersect the intersection of input/output
shaft axis (x-axis) and idler shaft axis to make the spin value to
zero. The intersection of the tangent at point   Ql l( , )t r  and x-axis
is defined as point   Pl( , )−d 0 , which means that there is d of
clearance between disk and idler shaft axis when the disk is the
nearest to the idler shaft. The intersection of the tangent and x-
axis moves through t from Pl to Ps( , )− −d t 0  when the contact
point is moved from Ql to Qs( , )0 rs . Then, the intersection of the
tangent at point Q and x-axis becomes point P( , )− − +d t x 0 ,
which had the boundary 0 ≤ ≤x t . Since the intersection P is on

















For boundary, it must satisfy f rs( )0 =   and the cross-sectional









We call this curved surface disk as the concave disk hereafter.
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DoThe shape of idler roller combined with the concave disk is
crowned cylinder shown in Fig. 8. In the case of idler roller for
conical disk shown in Fig. 1, the contact point is same and the
radius of rotation is constant within the whole variable speed
range. However, in the case of the roller combined with the
concave disk, the contact point on the roller moves and the length
of r2  changes according to the ratio change. This is expected to
prevent the rolling fatigue failure and considered as a merit. Figure
9 shows the relation between speed ratio and spin angular velocity
in various radii of crowning. r10  and r20 are arranged to make the
spin value to zero at uniform ratio, respectively. The radius of
rotation r2  should be equal to d+t, which is equivalent to the
distance PQ in x-direction shown in Fig. 7. However, r2 changes
under influence of the crowning, and the spin occurs as much as
the value of r c2  becomes large. The spin angular velocity ratio is
16.5% with the concave disk of r c2 = 30 mm at e= 0.5, and decrease
35% compared with the case of conical disk of θ= 40º. Fig. 10
shows the maximum contact pressure. The loading force applied






Fig. 8 Proposed shape of concave input/output





























Speed ratio  e
Fig. 9 Relation between speed ratio and spin




r2c = 10 mm
r2c = 30
r2c = 205
wnloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of kN. With the concave disk, the pressure increases with a decrease
of r c2 . Although the small r c2  is desirable for a low spin, it is
necessary to enlarge it to prevent the failure by decreasing the
contact pressure.
EVALUATION FOR EFFECT OF LOW SPIN DISK USING
PROTOTYPE CVT
To evaluate the effect of concave disk described above, a
measurement of power transmission efficiency was carried out
using the concave disk and conical disk for comparison. According
to Figs 9 and 10, the crowning radius of the roller for the concave
disk is decided on 15 mm preferred a low spin to a low contact
pressure. The cone angle of idler roller for the conical roller is set
to 2θ= 80º in order to decrease the spin referring Fig. 4 and
crowned 350 mm in radius. There is no crowning on the conical
disk. The spin value of concave disk is 80% smaller than that of
conical disk.
Figure 11 shows the apparatus of prototype CVT. It has simple
mechanism to evaluate the disks and rollers. The input/output
disks are fixed to the input/output shafts using a frictional bush,
respectively. The shaft through two bearings supports the backup
disks. The speed ratio is changed manually by the position of
input/output disks and thickness of spacers, which are inserted in
the rear of the backup disk. The loading force Fa generates the
contact force required for a traction drive, which contact two idler
rollers to input/output disks respectively. A belleville spring is
used to apply constant loading force. The number of belleville
springs and the thickness of spacer, which placed stack to the
springs, adjust the magnitude of loading force. Moreover, a load
cell is equipped along the idler shaft to measure the loading force.
The input/output shafts are supported by the case through bearings.
The figure illustrates the arrangement at low ratio ( r1  < r4 )
equipped with conical disks. The range of speed ratio is 0.5 to 2,
and the stroke of idler shaft is ±18 mm with the concave disk,
and ±12.5 mm with the conical disk, respectively, defining the






















Speed ratio  e
Fig. 10 Relation between speed ratio and
 maximum contact pressure
Conical
θ = 40˚
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Table 1   Lubricant properties of traction oil
Kinematic viscosity [mm2/s] 313 K 32.83
373 K 5.65
Density  [g/cm3] 288 K 0.96
Pressure–viscosity coeff. α0 313 K 26.1





















Fig. 11 Apparatus of prototype Shaft Drive CVT
shafts is 220 mm. Traction oil, which properties are shown in
Table 1 was supplied to contacts and bearings.
The prototype CVT was operated connected a servomotor
and a torque meter to the input, and an electromagnetic brake
and a torque meter to the output, respectively. Rotary speeds and
torques of input/output Ni, No, Ti, To, respectively are measured
while loading by the brake and the power transmission efficiency








The input rotary speed was adjusted so that the output speed
might be 700 min-1 in 3 cases, namely, at high (e= 2), uniform
(e= 1) and low (e= 0.5) ratios, respectively. The efficiency wasDownloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms omeasured with increase of loaded torque after adjusting the contact
force between disk and roller for 2 kN. Figure 12 shows the result
of measurements. The efficiency rises with increase of loaded
torque, and falls suddenly because a gross slip is occurred after
showing the maximum value. These results are typical in traction
drives. The efficiency at the uniform ratio is the highest 80 %
among 3 cases. Next is in case of high ratio and that of low ratio
is lowest. The traction oil was supplied at room temperature


















   
%















(a) Conical disk (Fa = 3 kN)
Output torque  To   Nm


































Fig. 12 Relation among efficiency, decreasing
 rate e/e0 and output torque
 (No = 700 min-1)6 Copyright © 2003 by ASME
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min. drive at high, uniform and low ratios, respectively.
The efficiency with conical disk is compared with that with
conical disk at each speed ratio, they show similar values. In these
experimental conditions, that is, at the same contact forces, an
improvement of efficiency by the concave disk is not observed.
The different loading force may influence this.
Then we would confirm the effect of concave disk from the
measurement of slip ratio. The output (loaded) torque To is given
by
T N r0 4= ⋅ ⋅µ (16)
Because N and r4 are constant in the experiment, the traction
coefficient becomes large with the increase of loaded torque by
the brake. Comparing among 3 traction curves, namely e= 0.5, 1,
2 shown in Fig, 6 using the conical disk, the slip ratio at e= 0.5
and 2 become lager with increase of µ comparing with that at e=
1.
On the other hand, because the spin occurs a little using the
concave disk, the increase of slip ratio might be a little. It is
difficult to measure an actual radius of rotation correctly and
compute the peripheral speed then slip ratio, because the contact
points exist on the curved surface of disk/roller in this CVT. Then
the deviation of slip is examined by the measured input/output
rotary speeds. Define the measured value e at the smallest load in
each series of measurement with e0, and plot the value, which is
obtained by dividing the e by e0, on the graph in Fig. 12. The
value named a decreasing rate decreases from 1 means that a slip
increases. This ratio is equivalent to the slip ratio. Though the
slip at low/high ratios are larger than that at uniform ratio in the
case of (a) conical disk, the slip increased at low/high ratios are
smaller than that of (a) because of a low spin in the case of (b)
concave disk. For example, the spin angular velocity ratios with
conical disk and concave disk at e= 0.5 are 25.6% and 5.6%,
respectively. Comparing both values e/e0 at e= 0.5 and To= 10
Nm in Fig. 12, the slip in the case of the concave disk is
approximately 1% lower than that of conical disk, and this
difference means the effect of concave disk. It is considered as
proper from the quantitative analysis result mentioned above.
Nevertheless, the improvement of efficiency was not observed in
the experiment. In the case of concave disk, 16% larger loading
force than that of conical disk was applied to make the contact
force between disk and roller equal. This causes to increase the
bearing loss of input/output shafts. In the range of experiments,
the decrease of efficiency due to the spin with the conical disk is
less than 1% and relatively small comparison with the bearing
loss of 20 %. Thus 25% of the spin angular velocity ratio and the
use of conical disk within this range are applicable sufficiently to
this CVT. As mentioned above, in the case of wide range of speed
ratio and large transmitted torque, the improvement of efficiency
by this concave disk can be expected.
CONCLUSIONS
We proposed a new type CVT applying crossed axle traction
drive, the Shaft Drive CVT and examined the influence of a spin.
Moreover, the shape of disk for a low spin was devised. The
conclusions may be summarized as follows:7
ownloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of(1) When the conical disk is used, a spin occurs except at certain
speed ratio in the proposed CVT. The traction curve
including the spin effect is estimated and the decrease of
power transmission efficiency is examined quantitatively.
(2) The cross-sectional curve for low spin disk is devised and
the effect of it was evaluated by the experiment. From the
measurement result of torque and actual speed ratio, the
increase of slip using proposed concave disk is smaller than
that of conical disk.
(3) In the experiment range, that is, loaded torque is 10 Nm
and output rotary speed is 700 min-1, the improvement of
efficiency is not observed and the conical disk is applicable
to use within this range.
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